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JRRG ZHOGDELOLW\ *RVK6. HWDO 7KXVWKHVHVWHHOVILQGH[WHQVLYHDSSOLFDWLRQVLQKHDWH[FKDQJHUVSUHVVXUH
YHVVHOVVWRUDJHWDQNVLPSHOOHUVVKDIWVLQFKORULGHHQYLURQPHQWDQGVHDZDWHUV\VWHPV *XQQ 5 
0DMRULW\ RI VWXGLHV RQ WKHVH DOOR\V KDYH IRFXVHG RQ LPSURYLQJ FRUURVLRQ UHVLVWDQFH KRZHYHU IRU
H[SDQGLQJWKH XVDJH RIWKHVHVWHHOVLQIRUDZLGHUDQJHRIVWUXFWXUDODSSOLFDWLRQVWKHGHIRUPDWLRQEHKDYLRXURIWKHVH
VWHHOVLVWREHXQGHUVWRRGLQGHSWK +RZHYHURQO\OLPLWHGVWXGLHVKDYHEHHQFDUULHGRXWLQWKLVGLUHFWLRQ .HLFKHO -HW
DO 5HFHQWO\%KDWWDFKDUMHHHWDOKDYHVWXGLHGZDUPUROOLQJRIFXVWRPJUDGH'66 DQGLQGLFDWHGWKHSRVVLELOLW\
RI XVLQJ ZDUPUROOLQJ DV D QRYHO WKHUPRPHFKDQLFDO SURFHVVLQJ URXWH IRU '66 DOOR\V %KDWWDFKDUMHH 33 HW DO
 +RZHYHU HIIHFWRI ZDUPUROOLQJRI RQ FRPPHUFLDOJUDGH'66 KDYHQRWEHHQLQYHVWLJDWHGEXWUHPDLQTXLWH
LQWHUHVWLQJ 7KLV ZRUN FRQWULEXWHV WR XQGHUVWDQGLQJ WKH HIIHFW RI ZDUP UROOLQJ RQ PLFURVWUXFWXUH WH[WXUH DQG
PHFKDQLFDOSURSHUWLHVRIDFRPPHUFLDOJUDGH'66LH6$)
([SHULPHQWDO
7KHUPRPHFKDQLFDO3URFHVVLQJ
$FRPPHUFLDOJUDGHRI '66 ZLWKFKHPLFDO FRPSRVLWLRQ VKRZQLQ7DEOH ZDV VXEMHFWHGWRKRPRJHQL]DWLRQ
WUHDWPHQWDW& IRU WZRKRXUVXVLQJDFRQYHQWLRQDO WXEXODU IXUQDFH LQDUJRQDWPRVSKHUH6DPSOHV IRUZDUP
UROOLQJKDYLQJGLPHQVLRQVPPZLGWKE\PPOHQJWKZHUH PDFKLQHGRXWIURPWKHKRPRJHQL]HGPDWHULDODQG
ZDUP UROOHG DW & LQ VWHSV RI     WR  UHGXFWLRQ LQ WKLFNQHVV XVLQJ D ODERUDWRU\ VFDOH
UROOLQJPLOO63;3UHFLVLRQ(TXLSPHQW86$KDYLQJUROOGLDPHWHURIPP7KHUROOVZHUHSUHKHDWHGWRPLQLPL]H
VXGGHQTXHQFKLQJGXULQJZDUPUROOLQJ7KHVDPSOHVZHUHTXHQFKHGLPPHGLDWHO\DIWHUHYHU\ZDUPUROOLQJSDVV
7DEOH&KHPLFDOFRPSRVLWLRQRIWKH H[SHULPHQWDO'66
(OHPHQW & 6 &U 0Q 1L 3 6L 0R )H
:W         %DODQFH
&KDUDFWHUL]DWLRQ
7KH PLFURVWUXFWXUH DQG PLFURWH[WXUH RI WKH GHIRUPHG PDWHULDOV ZHUH FKDUDFWHUL]HG XVLQJ HOHFWURQ EDFN
VFDWWHUGLIIUDFWLRQ (%6'V\VWHP2[IRUG,QVWUXPHQWV8.DWWDFKHGWRD)(*6(00DNH&DUO=HLVV*HUPDQ\
0RGHO 6835$ 6DPSOHV IRU (%6' ZHUH SUHSDUHG E\ FDUHIXO PHFKDQLFDO SROLVKLQJ IROORZHG E\ HOHFWUR
SROLVKLQJXVLQJDVROXWLRQRIPOHWKDQROPOGLVWLOOHGZDWHUPOJO\FHURODQGPOSHUFKORULFDFLGDW
URRP WHPSHUDWXUH 6HYHUDO (%6' VFDQVZHUH SHUIRUPHG RQ WKH5'1' SODQH FORVH WR WKHPLG WKLFNQHVV UHJLRQ
(%6' GDWD DFTXLUHG IURP FHQWUH RI WR HQVXUH WKH SODLQ VWUDLQ FRQGLWLRQ $FTXLUHG VFDQV ZHUH PHUJHG WR JHW
VWDWLVWLFDOO\ UHOLDEOH UHVXOWV$ ILQH VFDQ VWHS VL]H RI QPZDV XVHG 7KH DFTXLUHG (%6' GDWDVHW ZHUH DQDO\VHG
XVLQJ76/2,070 DQDO\VLVVRIWZDUH $FXWRIIDQJOHRIXVHGWRFDOFXODWH WKHYROXPHIUDFWLRQRIGLIIHUHQWWH[WXUH
FRPSRQHQWV
7HQVLOHVSHFLPHQVZHUHSUHSDUHGDORQJWKH5'DVVKRZQVFKHPDWLFDOO\LQ )LJ7HQVLOHWHVWLQJ ZDV FDUULHG
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RXWXVLQJDXQLYHUVDO WHVWLQJPDFKLQH 0RGHO  ,QVWURQ N1ORDGFHOO 8. DWWKHVWUDLQUDWHRI VHFDQG
WKHORDGLQJGLUHFWLRQZDVDORQJWKH5'6DPSOHVDIWHUWHQVLOHIUDFWXUHZHUHFXWLQVXFKDZD\WKDW(%6'FRXOGEH
FDUULHGRXWDWWKHYLFLQLW\RIWKHQHFNUHJLRQ
5HVXOWV
)LJXUH D VKRZV WKH SKDVH PDS RI KRPRJHQL]HG '66 DW ι& (YHQ DIWHU KRPRJHQL]DWLRQ SULRU
HORQJDWHGPRUSKRORJ\RI WKHKRW UROOHG PLFURVWUXFWXUH LV UHWDLQHG 'XULQJKRPRJHQL]DWLRQ WKHDXVWHQLWHYROXPH
IUDFWLRQ $I RIaLVDFKLHYHG$YHUDJHJUDLQVL]HPHDVXUHGDORQJWKH1'LVQHDUO\ aPIRUERWKWKHSKDVHV
&RPSDULVRQRI WKH ĳ VHFWLRQRI WKH RULHQWDWLRQGLVWULEXWLRQIXQFWLRQ2')RIIHUULWH)LJFZLWK WKDWRI WKH
LGHDO2')VHFWLRQ)LJJ VKRZV WKH SUHVHQFHRIVWURQJHU 5'ILEHU 5'!KDYLQJDYROXPH IUDFWLRQRIa
 DV FRPSDUHGWRWKH1'ILEHU1'!ZLWKYROXPHIUDFWLRQa &RPSDULVRQRIWKHSROHILJXUHRI
DXVWHQLWH )LJEZLWK WKDWRI WKH LGHDOSROHILJXUHVKRZV WKHGHYHORSPHQWRI SXUHPHWDORUFRSSHU W\SH WH[WXUH
FKDUDFWHUL]HGE\ WKHSUHVHQFHRIFRSSHURU&X^`!a6^`!aDQGEUDVVRU%6
^`!aFRPSRQHQWV
'XULQJZDUPUROOLQJWKHWZRSKDVHVDUHDUUDQJHGLQDQDOWHUQDWHEDQGHGPRUSKRORJ\7KHDXVWHQLWHYROXPH
IUDFWLRQUHPDLQVVWDEOHDOWKRXJKWKHGHIRUPDWLRQSURFHVVLQJ7KHSKDVHPDSVKRZVWKDWWKHSKDVHEDQGVDUHIXUWKHU
VXEGLYLGHGE\+$*%VVKRZQLQEODFN:LWKLQFUHDVLQJVWUDLQWKHSKDVHEDQGWKLFNQHVVDQGWKH+$*%WKLFNQHVV
DORQJWKH1'DUHUHGXFHG)LJ)LJXUHV DDQGEVKRZ WKHJUDLQ ERXQGDU\*%PDSVRIZDUPUROOHGIHUULWH
DQGDXVWHQLWHUHVSHFWLYHO\)RUPDWLRQRIVXEVWUXFWXUHLVHYLGHQFHGLQVLGH LQGLYLGXDOSKDVHEDQGV7KHSRLQWWRRULJLQ
PLVRULHQWDWLRQSORWVDORQJ WKHDUURZPDUNVLQLQGLYLGXDOSKDVHEDQGVDUHFDOFXODWHG )LJFG ZKLFK VKRZV ORZHU
DFFXPXODWHG PLVRULHQWDWLRQ LQ ERWK WKH SKDVHV %RWK 5' DQG1' ILEHU DUH VWUHQJWKHQHG GXULQJ ZDUP UROOLQJ DV
VKRZQLQILJXUHD+RZHYHUWKH5'ILEHUGRPLQDWHVWKHWH[WXUHRIIHUULWHLQZDUPUROOHG'66$XVWHQLWHLQ'66
UHWDLQV WKH SXUH PHWDO W\SH WH[WXUH DQG LV IXUWKHU VWUHQJWKHQHG GXULQJ ZDUP UROOLQJ )LJE
)LJ6FKHPDWLFRIUROOLQJRIVKHHWZLWKPLFURVWUXFWXUH LQ5'1'SODQHRI UROOLQJ
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)LJ D3KDVHPDSRIKRPRJHQL]HG'66 ESROHILJXUHRIDXVWHQLWH DQG Fĳ VHFWLRQ
RI WKH2') RIIHUULWHLQKRPRJHQL]HG'66 G 3KDVH PDSRIZDUPUROOHG'66 HSROH
ILJXUHRIDXVWHQLWH DQG Iĳ VHFWLRQRIWKH2') RIIHUULWHLQZDUPUROOHG'66 J ,GHDO
SROHILJXUH RIDXVWHQLWHDQGĳ VHFWLRQRI 2') RIIHUULWH
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)LJ3KDVHEDQG 3% DQG +$*%LQWHUFHSW *, YVUHGXFWLRQDORQJ1'
)LJXUHDVKRZVWKHVWUHVVVWUDLQSORWRIWKHDVZDUPUROOHG'66VSHFLPHQ5HPDUNDEOHLQFUHDVHLQWKH
 RIIVHW \LHOG VWUHQJWK WR a*3D DQG XOWLPDWH WHQVLOH VWUHQJWK WR a*3D LV DFKLHYHG ZLWK FRQVLGHUDEOH
HORQJDWLRQa)LJEVKRZVWKHVFKHPDWLFRI WKHIUDFWXUHGVSHFLPHQ7KHEDQGFRQWUDVWPDSRIVDPHUHJLRQ
VKRZV H[LVWHQFHRIGHHS SKDVHEDQGV/DPHOODUEDQGVGXULQJSODVWLFIORZFRQYHUJHGWRZDUGVQHFNLQJUHJLRQ
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)LJ9DULDWLRQRI WH[WXUH FRPSRQHQWV LQD IHUULWH DQGE DXVWHQLWH LQ '66
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EVFKHPDWLFRIWKHIUDFWXUHG
VSHFLPHQDQG,4PDSDWWKHYLFLQLW\RIWKHQHFNLQJUHJLRQ
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D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E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 'LVFXVVLRQ
'XULQJ ZDUP UROOLQJ WKH SKDVH EDQGV DOLJQ WKHPVHOYHV DORQJ WKH 5' UHVXOWLQJ LQ DQ DOWHUQDWH ODPHOODU
PRUSKRORJ\ RI WKH WZR SKDVHV ZKLFK LV DOVR REVHUYHG LQ D FXVWRPL]HG JUDGH RI'66 DOOR\ UHFHQWO\ UHSRUWHG E\
%KDWWDFKDUMHHHWDO %KDWWDFKDUMHH 33 HWDO :LWK LQFUHDVLQJVWUDLQ VXEGLYLVLRQ RI SKDVHEDQGV E\+$*%V
UHVXOWVLQ ORZHUYDOXHRI+$*%VSDFLQJWKDQWKDWRISKDVHEDQGWKLFNQHVV )LJ0LVRULHQWDWLRQEXLOGXSLQVLGHWKH
EDQGVLQGLFDWHH[WHQVLYHG\QDPLFUHFRYHU\)LJF
%RWK5'DQG1'ILEHUDUHVWUHQJWKHQHGLQIHUULWHRI'66GXULQJZDUPUROOLQJVLPLODUWRWKH EHKDYLRXU RIVLQJOH
SKDVH IHUULWH DVZHOO DV IHUULWH LQ'66ZDUPUROOHG DW WKH VDPH WHPSHUDWXUH %KDWWDFKDUMHH 33 HW DO 7KH
GHYHORSPHQWRISXUHPHWDOW\SH WH[WXUH$XVWHQLWHLVDWWULEXWHGWRWKHLQFUHDVHG6)(DWWKHZDUPUROOLQJWHPSHUDWXUH
GXHWRZKLFKGHIRUPDWLRQWZLQIRUPDWLRQLVVXSSUHVVHG /DWDQLVLRQ 50 HWDO 	 6PDOOPDQ 5(HWDO 
7KHUHPDUNDEOHLQFUHDVHLQVWUHQJWKGXULQJZDUPUROOLQJLVDWWULEXWHGWRWKHIRUPDWLRQRIXOWUDILQHVWUXFWXUH
DQGSKDVHEDQGVZKLFKDFWDVDGGLWLRQDOEDUULHU WRGLVORFDWLRQPRWLRQ $V WHQVLOH WHVW LV FDUULHGRXWDORQJ5'DOO
SKDVH EDQGV DUH DOLJQHG SDUDOOHO WR WKH WHQVLOH D[LV2QH FUXFLDO REVHUYDWLRQ LV WKDW DW WKH YLFLQLW\ RI WKH QHFNHG
UHJLRQWKHUHLVJUDGXDOGHFUHDVHLQDXVWHQLWHFRQWHQW$XVWHQLWHIUDFWLRQRILQWKHDVZDUPUROOHG'66LVUHGXFHG
GUDVWLFDOO\ WRa DW WKH UHJLRQ PDZD\ IURP IUDFWXUHG VXUIDFH DQG LV IXUWKHU UHGXFHG WR MXVW DW P
DZD\IURPIUDFWXUH)LJ7KLVSRVVLEO\LQGLFDWHVWKDWDXVWHQLWHLVWUDQVIRUPHGWRPDUWHQVLWH ZKLFKLVLQGH[HGDVD
EFFSKDVHGXULQJ(%6'PHDVXUHPHQWV ORFDOO\GXHWRVWUHVVFRQFHQWUDWLRQLQWKH QHFNHGUHJLRQ,QGLUHFWHYLGHQFHRI
WKLVLVREWDLQHGIURPWKH,4PDSREWDLQHGDWWKHYLFLQLW\RIWKHQHFNHG UHJLRQZKLFKVKRZVJUHDWYDULDWLRQLQWKH,4
GLVWULEXWLRQLQWKHIHUULWHSKDVH+RZHYHUIXUWKHUVWXGLHVQHHGWREHFDUULHGRXWWRIXOO\FODULI\WKH LPSOLFDWLRQVRI
WKLVSKHQRPHQRQRQWKHHYROXWLRQRIPHFKDQLFDOSURSHUWLHV
 &RQFOXVLRQ
 8OWUDILQH PLFURVWUXFWXUH ZLWK DOWHUQDWH DUUDQJHPHQW RI IHUULWH DQG DXVWHQLWH EDQGV LV GHYHORSHG GXULQJ
KHDY\ZDUPUROOLQJRI'66
 'XULQJ ZDUP UROOLQJ RI '66 ERWK 5' DQG 1'ILEHU FRPSRQHQWV DUH VWUHQJWKHQHG LQ IHUULWH $XVWHQLWH
VKRZVSXUHPHWDOW\SHWH[WXUHGXHWRVXSSUHVVLRQRIGHIRUPDWLRQWZLQLQJ
 8OWUD KLJK VWUHQJWK REWDLQHG RI ZDUP UROOHG '66 SRVVLEO\ RULJLQDWH IURP IRUPDWLRQ RI XOWUDILQH
PLFURVWUXFWXUH DQG SRVVLEOH UROH RI ILQHO\ VSDFHG SKDVH ERXQGDULHV DV DGGLWLRQDO EDUULHUV WR GLVORFDWLRQ
PRWLRQ
 7KH SUHVHQW UHVXOWV GHPRQVWUDWH WKDW ZDUP UROOLQJ FDQ EH XVHG VXFFHVVIXOO\ IRU GHYHORSLQJ XOWUDKLJK
VWUHQJWK'66
)LJ3KDVHPDSVVKRZLQJYDULDWLRQRIDXVWHQLWH IUDFWLRQDWGLIIHUHQWUHJLRQV DDVZDUPUROOHG
EPDQGFPDZD\IURPWKHIUDFWXUHGVXUIDFHLQYLFLQLW\RIQHFNLQJUHJLRQ
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$ELQJWRQ 3XEOLVKLQJ&DPEULGJH8.
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'HKJKDQ 0$ HWDO 0LFURVWUXFXWUDOHYROXWLRQGXULQJKRWGHIRUPDWLRQRIGXSOH[VWDLQOHVVVWHHO  0DW6FL
7HFKYROSS
%KDWWDFKDUMHH 33 HWDO  (YROXWLRQRIPLFURVWUXFWXUHDQGWH[WXUHGXULQJZDUPUROOLQJRIDGXSOH[VWHHO
0HWDOO0DWHU7UDQV $ LQSUHVV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/DWDQLVLRQ 50 HWDO 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
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